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MexicoZona Citrícola is an important area for Mexico due to its citriculture activity. Situated in a sub-humid to
humid climate adjacent to the Sierra Madre Oriental, this valley hosts an aquifer system that represents
sequences of shales, marls, conglomerates, and alluvial deposits. Groundwater ﬂows from mountainous
recharge areas to the basin-ﬁll deposits and provides base ﬂows to supply drinking water to the adjacent
metropolitan area of Monterrey. Recent studies examining the groundwater quality of the study area
urge the mitigation of groundwater pollution. The objective of this study was to characterize the physical
and chemical properties of the groundwater and to assess the processes controlling the groundwater’s
chemistry. Correlation was used to identify associations among various geochemical constituents. Factor
analysis was applied to identify the water’s chemical characteristics that were responsible for generating
most of the variability within the dataset. Hierarchical cluster analysis was employed in combination
with a post-hoc analysis of variance to partition the water samples into hydrochemical water groups:
recharge waters (Ca–HCO3), transition zone waters (Ca–HCO3–SO4 to Ca–SO4–HCO3) and discharge
waters (Ca–SO4). Inverse geochemical models of these groups were developed and constrained using
PHREEQC to elucidate the chemical reactions controlling the water’s chemistry between an initial
(recharge) and ﬁnal water. The primary reactions contributing to salinity were the following: (1)
water–rock interactions, including the weathering of evaporitic rocks and dedolomitization; (2) dissolu-
tion of soil gas carbon dioxide; and (3) input from animal/human wastewater and manure in combination
with by denitriﬁcation processes. Contributions from silicate weathering to salinity ranged from less
important to insigniﬁcant. The ﬁndings suggest that it may not be cost-effective to regulate manure
application to mitigate groundwater pollution.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction Water use restrictions are expected due to limited water availabil-The Zona Citrícola aquifer system in northeastern Mexico con-
stitutes the major source of local drinking water and provides base
ﬂows to surface water used to supply drinking water to Monterrey
(4.2 million inhabitants), the third largest metropolitan area in
Mexico. Attention to groundwater abstraction has increased during
the last decade due to the rising water demands from a growing
population and economy and an apparently increasing concentra-
tion of some constituents such as total dissolved solids (TDS),
nitrate, chloride and sulfate (CONAGUA, 2002a,b; IANL, 2007). In
addition, climate change is projected to exacerbate the pressure
on the hydrologic system (PACC, 2010).
Historically, Monterrey’s water demand has been satisﬁed by
the combined extraction of surface and groundwater resources.ity in the San Juan River basin beyond 2015. Thus, local and federal
water authorities are planning to convey surface water from a dis-
tant river basin for Monterrey’s water supply. However, there is an
urgent need to improve the understanding of existing groundwater
and surface water resources for an effective strategy to reduce the
pressure on the hydrologic system. For instance, a comprehensive
understanding of the groundwater’s physical and chemical pro-
cesses by water managers, decision makers and users enhances
the consciousness and opens a dialogue among the different actors.
This understanding strengthens the consensus regarding impor-
tant groundwater managerial decisions and in the long run
beneﬁts not only local communities but also Monterrey’s metro-
politan area.
Some previous work has been performed recently regarding
groundwater quality issues in the study area. Dávila-Porcél et al.
(2012) estimated that the potential sources of contamination are
the inﬁltration of sewage water, wastewater treatment efﬂuents,
R. Ledesma-Ruiz et al. / Journal of Hydrology 521 (2015) 410–423 411leachates from cattle farm wastes and municipal landﬁlls, leakage
from sanitary sewers, septic deposits, surface contamination due to
agricultural practices, and concentrations of calcium and bicarbon-
ate from natural mineralization processes. Using stable isotopes
and halides, Pastén-Zapata et al. (2014) indicated that the main
nitrate sources were animals (manure application, cattle ranches)
and human sewage (leakage from urban sewers, septic tanks).
The main objectives of this study were to characterize the phys-
ical and chemical properties of the groundwater and assess the
processes controlling the groundwater’s chemistry and its rele-
vance for salinity. Spatial and temporal variability evaluation of
major ions in groundwater is a widely accepted tool to provide
insight not only regarding the aquifer’s heterogeneity and connec-
tivity but also for the processes controlling the water’s chemistry
(Hem, 1989; Güler et al., 2002; Chenini and Khmiri, 2009;
Kamtchueng et al., 2014). Graphical representations of the water
samples’ chemistry help deﬁne the spatial change patterns among
different geologic units or along a section line or pathway. A useful
classiﬁcation technique is cluster analysis, which involves sorting a
set of individual samples into smaller groups that can be correlated
by location (e.g., Güler et al., 2002; Mahlknecht et al., 2004;
Helstrup et al., 2007). Another approach for developing an evolu-
tion model is making predictions about the direction of the pro-
cesses using thermodynamic calculations (Merkel et al., 2007;
Andrade and Stigter, 2011; Belkhiri et al., 2012). The primary issue
addressed by this study is the contributions of natural and anthro-
pogenic salinity sources by evaluating the general groundwater
chemistry and developing geochemical evolution models.2. Description of the study area
2.1. General settings
The Zona Citrícola area (8000 km2), located in the State of Nuevo
Leon, northeasternMexico, provides approximately 10% ofMexico’s
citrus production along with other crops. Fertilizers, namely, man-
ure, urea and ammonium sulfate, are applied to 90% of the Zona
Citricola area to improve plant growth (Agronuevoleón, 2008). The
region also houses urban areas such as the cities of Linares, Monte-
morelos, Santiago, Hualahuises and Allende (Fig. 1) and a signiﬁcant
amount of rural population spread throughout the region, totaling
200,000 inhabitants (INEGI, 2010).
The hilly landscape of the region is part of the Coastal Plain of
the Gulf of Mexico physiographic province and slopes to the NE
with elevations decreasing from 430 to 300 m above sea level
(masl). It is bordered to the W by several ranges from the Sierra
Madre Oriental (SMOr), including California, Santa Maria and La
Muralla, which reach a maximum altitude of 2200 masl. The SMOr
is a 2–3 km-thick Mesozoic–Cenozoic sedimentary belt stretching
along NE and central Mexico that is composed of carbonate,
siliciclastic and evaporative rocks and deposited over a base-
ment-complex of metamorphic rocks and schists (Goldhammer,
1999; Chávez-Cabello et al., 2004).
The region comprises a warm, sub-humid to humid climate
with an annual mean temperature of 22 C and extreme minimum
and maximum values of 10 C in winter (December to February)
and 45 C in summer (June to August). Rainwater is produced by
warm air masses originating from the Gulf of Mexico, which move
across the SMOr and generate higher elevated rainfall along its
ﬂanks (1100 mm/year) and between 350 and 750 mm/year in the
plain, with the highest values observed SW of Allende and Monte-
morelos and the lowest values near the town of General Terán
(Fig. 1). Most rainfall occurs between May and October (77%). On
the other hand, the driest months are between November and
March (3% each) (García, 1998; CONAGUA, 2002a,b).Surface waters from the region are perennial and ﬂow in the
SW–NE to W–E direction toward the Gulf of Mexico (Fig. 1). In the
northern and central part, the main waterway is the San Juan River,
which originates in the La Boca dam and ends at the El Cuchillo dam
and ultimately in the Grande River/Bravo River (150 km NE of the
study zone). The Santa Catarina, Garrapatas and Pilon Rivers are
tributary streams (CONAGUA, 2002a). On the southern portion of
the study area, the El Pablillo, Cabezones and Hualahuises Rivers
merge and ﬂow into the Cerro Prieto dam, ﬁnally ending in the San
Fernando River (CONAGUA, 2002b). The Cerro Prieto, El Cuchillo
and La Boca dams are the main surface water reservoirs used for
local agriculture and the drinking water supply for Monterrey’s
metropolitan area (20 km NW of Cadereyta Jimenez).
2.2. Geology and hydrogeology
The rock types outcropping in the valley are predominantly of
marine sedimentary origin, representing a geological interval from
the Upper Jurassic to Recent (Fig. 2a). The units in the SMOr are
from the Upper Cretaceous to Upper Jurassic, and in the plain from
the Upper Cretaceous to Recent. In the study area, the oldest unit
corresponds to the Mendez formation, a sequence of shale,
calcareous shale and stratiﬁed calcareous marl with a thickness
of 1500–2800 m (Padilla y Sánchez, 1982; Dávila-Pórcel, 2011)
and low permeability, except in zones of fractures and faults. From
a hydrogeological point of view, it is considered a semi-conﬁned
aquifer. On the other hand, the Reynosa conglomerate comprises
calcareous fragments packed in a sandy Tertiary matrix with a
maximum thickness of 60 m and a moderate permeability, forming
isolated plateaus and hills (CONAGUA, 2002a). Finally, more recent
materials from the Tertiary to Quaternary correspond to alluvial
deposits consisting of gravel, sand, silt and clay mixed in different
proportions and degrees of compaction, with a variable thickness
of up to 25 m (Padilla y Sánchez, 1982). This unit with medium
to high permeability is considered an unconﬁned aquifer
(CONAGUA, 2002a). The main recharge area is located in the
California, Santa Maria and La Muralla ranges adjacent to the study
area (Fig. 2b). Inﬁltration over the surface of the aquifer, especially
at the mountain-front, is another important recharge mechanism
besides inﬁltration from irrigation. The depth to the groundwater
in the study area varies from 5 to 25 m, with the shallowest levels
located in the surroundings of the Cerro Prieto dam SE of the study
area and the deepest levels in isolated areas to the SE of Allende, E
of General Terán and NW of Hualahuises. The water table elevation
varies between 550 and 200 masl with the highest values in the
SW portion of the study area near the foothills of SMOr, showing
a SW–NE groundwater direction in the central and northern por-
tions and aW–E direction in the southern portion of the study area.
2.3. Lithology and mineralogy
The mineralogical composition in the SMOr mountain ranges
and basin-ﬁll represents a constraint on the phases that participate
in the water–rock interactions of the study area. Shales and car-
bonates dominate the mineralogy of the region. Mineralogical
analyses of the Mendez formation suggest a marly lithology with
an average composition of 47% calcite, 30% phyllosilicates, 15%
quartz and 8% plagioclase (Keller et al., 1997). This formation is
overlain disconformably by clastic Cretaceous–Tertiary (KT)
boundary deposits, which can be divided into three units according
to Adatte et al. (1994) from bottom to top: (i) a poorly cemented,
spherule-rich layer characterized by high calcite (50–70%) and
low phyllosilicate (smectite and chlorite) contents (<20%), quartz,
and plagioclase (albite, 5%); (ii) a massive sandstone with
quartz (up to 40%), calcite (20–40%), plagioclase (albite, 15–25%)
and low phyllosilicate content (chlorite and mica); and (iii) the
Fig. 1. Location of the study area with major features.
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plagioclase and phyllosilicates (smectite and chlorite). Halite is
not explicitly reported but is supposed to be present because it is
a common dissolving phase in terrains containing calcite and dolo-
mite (Plummer et al., 1990; Parkhurst and Appelo, 2013). Kaolinite
is abundant in the Mendez formation but absent in the KT deposits.
Local investigations on the Quaternary lacustrine deposits near
Linares show that mainly calcite, quartz, feldspars (K-feldspar)
and phyllosilicates (mica, chlorite, smectite and kaolinite)
characterize the whole-rock composition. Sporadic occurrences of
plagioclase have also been recognized (Urrutia-Fucugauchi et al.,
2003). The Reynosa conglomerate is composed of fragments of
calcareous clastic rocks packed in a sandy matrix that is cemented
by caliche (CONAGUA, 2002a,b).
3. Materials and methods
Historical groundwater quality data from a regional study
(IANL, 2007) served to design a sampling campaign in December
2009. Some of the wells sampled as part of this previous study with
high nitrate concentrations were re-sampled in this study, while
the rest of the samples were selected randomly to cover the geo-
graphical extension of the study area and the main geologic set-
tings. A second groundwater sampling campaign was undertaken
in June 2010, where the sampling of 17 sites was repeated and
22 new sites were added. The sampled wells were agricultural pro-
duction wells frequently used as a source for drinking water. Their
depths ranged from 30 to 70 m.The applied sampling and analytical approach was the same in
both sampling campaigns. Prior to sampling, three well volumes of
water were purged from the well and used to ﬂush the equipment
used to collect the sample. All the samples were taken directly at
the wellhead. The temperature, pH, electrical conductivity (EC),
and dissolved oxygen (DO), were measured using portable meters
(Thermo, Orion). The alkalinity was determined in the ﬁeld by the
volumetric titration (0.02 N H2SO4) to pH 4.3 of ﬁltered water sam-
ples (0.45 lm). At each sampling site, new and pre-rinsed low-den-
sity polyethylene bottles were ﬁlled with ﬁltered sample water
(0.45 lm). The cation and silica samples were acidiﬁed with ultra-
pure HCl to pH < 2, and all the samples were stored at a constant
temperature of 4 C. The dissolved cations and anions were deter-
mined in Activation Laboratories Ltd., Ancaster, Ontario, by induc-
tive-coupled plasma mass spectrometry (ICP-MS) and ion
chromatography, respectively. Duplicates of selected samples were
analyzed using inductive-coupled plasma optical emission spec-
trometry (ICP-OES) in some samples with Na and Ca concentra-
tions larger than the upper detection limit.
Correlation analysis was performed to identify associations
among the various geochemical constituents. Because P–P plots
demonstrate that the standard normal distribution is not given
for most parameters, the Spearman R correlation was applied using
a pre-established signiﬁcance level of 0.05 (5%).
Factor analysis was applied to identify water chemistry charac-
teristics that were responsible for generating most of the variabil-
ity within the dataset. Principle component analysis (PCA) is an
ordinational statistical method that essentially transforms original
Fig. 2. (a) Map of the geology, groundwater table contours and sampling sites; and (b) geological vertical section.
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(Euclidean) space (Joliffe, 2002). The correlated variables are linearly
related to form one factor represented as a gradient (trajectory or
eigenvector) in multidimensional space. Each factor is independent,
and varimax rotation was used to identify factors containing
the greatest (normally distributed) variability; the variability isrepresented as an eigenvalue. Kaiser normalization was used to
consider only factors with eigenvalues greater than one, thereby
limiting the number of factors used in the PCA analysis. The factors
associated with relatively large eigenvalues are associated with
characteristics that are most important in describing the variability
exhibited in the system being studied. PCA has been shown to be
Table 1
Summary of the used chemical data of the groundwater in the 2010 sampling campaign, with basic statistics. Note: n = number of samples, DO = dissolved oxygen, EC = electrical
conductivity.
Parameter DO EC pH Temperature Na K Ca Mg Cl HCO3 SO4 NO3 SiO2
(mg/l) (lS/cm) (C) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)
December 2009
and June 2010
n 56 56 56 56 56 56 56 56 56 56 56 56 56
Minimum 0.38 515 6.83 20.0 4.70 0.15 98.7 2.70 5.48 190 15.1 0.61 1.20
Maximum 8.50 2641 8.53 32.0 252 1.98 317 64.4 294 580 934 46.7 15.8
Mean 1.64 1176 7.47 26.5 50.6 0.84 187 20.9 56.5 369 240 10.1 7.17
Median 1.52 1028 7.40 26.5 33.8 0.70 178 13.3 33.6 351 145 7.27 5.90
Standard deviation 1.14 515 0.44 2.53 53.4 0.47 54.0 17.0 62.4 98.2 244 9.25 4.13
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Mahlknecht et al., 2004).
Hierarchical cluster analysis was performed to identify groups
of sites (clusters) exhibiting similar water chemistries. Cluster
analysis is a useful tool to organize samples into classiﬁed groups.
The results are normally tested according to their signiﬁcance
using a post-hoc analysis. Hierarchical cluster analysis (HCA) dem-
onstrated meaningful results in previous studies (e.g., Swanson
et al., 2001; Güler et al., 2002; Güler and Thyne, 2004;
Mahlknecht et al., 2004; Helstrup et al., 2007; Andrade and
Stigter, 2011). Our approach was to select chemical variables and
ﬁeld parameters (pH, EC) and use them in an HCA by means of
Ward´s linkage rule. This rule indicates that the shorter the distance
between two data points, the greater the similarity between them.
Squared Euclidian distance was selected for similarity measure-
ment. A post-hoc analysis, namely, analysis of variance (ANOVA)
with Bonferroni’s adjustment for a multiple comparison of means
considering a conﬁdence level of 99%, was performed to evaluate
the signiﬁcance of the differences between the groups of water
with similar chemical characteristics.
All the statistical calculations were performed using SPSS 20.0
(IBM, 2011). Data screening showed that the data are generally
skewed. Therefore, the data were log-transformed so that they cor-
respond more closely to normally distributed data. Then, all the
variables were standardized by calculating their standard scores
(z-scores). In this way, each variable has equal weight in the statis-
tical analysis (Güler et al., 2002).
Geochemical evolution or inverse models were estimated using
the geochemical code PHREEQC v.3.0 (Parkhurst and Appelo, 2013)
and its integrated databases. Inverse modeling is a process that
ﬁnds sets of mineral and gas mole transfers that account for differ-
ences in the composition of an initial and ﬁnal water within spec-
iﬁed compositional uncertainty limits. The approach used the
average chemical composition of previously deﬁned groundwater
groups from statistical analysis and modeled the evolution from
recharge to transition and discharge zones. The models were con-
strained by the lithology, stability diagrams and saturation indices.
Apart from geogenic processes, human and animal sources and
fates were considered in the modeling process based on the
ﬁndings of Pastén-Zapata et al. (2014).4. Results and discussion
4.1. Characterization of groundwater chemistry
Reactions between groundwater and rock minerals inﬂuence
the water’s chemistry and are useful in understanding the origin
of groundwater. The results from the water analysis were used as
a tool to identify the processes and mechanisms affecting the
groundwater’s chemistry from the study area.
Table 1 shows the variation in the statistical population of
selected variables in the water sampled during the June 2010 cam-
paign. The groundwater had moderate to high EC values rangingfrom 668 to 2534 lS/cm, temperature values between 24.6 and
31.0 (average 25.0 C), and neutral to moderately alkaline pHs
ranging from 6.8 to 7.7 (average 7.1). The general dominance of
anions was in the order of HCO3 > SO4 Cl > NO3, while the dom-
inance of cations was Ca Na > Mg > K. Na+ and Cl exhibit large
but similar variations between minimum and maximum values,
and the standard deviation is higher than the mean. Likewise,
Mg2+, SO42 and NO3 are highly variable with standard deviations
larger than the mean. These observations show that the geochem-
istry of the study area is not homogenous. Carbonate-rich marine
sediments such as limestone and dolomite and sulfate-containing
sediments such as gypsum and anhydrite are major constituents
of SMOr (Chávez-Cabello et al., 2011). The Mendez formation is
the result of the deposition of calcareous lutites and marls, occa-
sionally intercalated with sandstones and argillaceous limestones
(Stüben et al., 2005; Montalvo-Arrieta et al., 2011). Furthermore,
alluvial deposits developed caliche (calcrete) nodules (Infante
et al., 2010). The available carbonates and sulfates in these rocks
might have been dissolved and added to the groundwater system
during rainfall inﬁltration, irrigation and groundwater movement.
Univariate nonparametric tests returned signiﬁcant differences
between 2009 and 2010 for some parameters analyzed, suggesting
seasonal or coincidental differences (Fig. 3). According to a Mann–
Whitney U-test and using a signiﬁcance level of p = 0.05, the pH,
temperature, K+ and SiO2 values were signiﬁcantly different in both
sampling rounds.
The (Ca2+ + Mg2+) versus total cations plot (Fig. 4a) lies along the
equiline with an average equilibrium ratio ranging from 0.65 to 1.0
(mean = 0.9). At lower mineralization, the ratio approximates to
1.0, indicating that these ions are the primary cations making up
the chemistry of the groundwater. When the data deviate from
the 1:1 line, other cations (Na+ and K+) contribute substantially
to the groundwater chemistry. The (Ca2+ + Mg2+) versus (HCO3 +
SO42) scatter diagram (Fig. 4b) shows that most points fall along
the equiline, which suggests that the Ca2+ and Mg2+ chemistry is
largely explained by calcite and gypsum weathering processes.
Groundwater derived from dolomite or calcite normally plots on
an equivalent ratio of 1:4 or 1:2, respectively, between dissolved
Ca2+ and HCO3. However, only a few points in Fig. 4c fall between
both lines, while most deviate. If groundwater is in contact with
gypsum and anhydrite, it matches an equivalent ratio of 1:1
between Ca2+ and SO42. The plot (Fig. 4d) shows that Ca2+ exceeds
the equilibrium ratio at lower mineralization and is below the
equiline at higher mineralization. Examination of Fig. 4c and d sug-
gest that bicarbonate is not as inﬂuential to the Ca2+ chemistry as
sulfate in terms of how the data are represented in Fig. 4b along the
1:1 line. This interesting result is clariﬁed below using geochemical
evolution models.4.2. Statistical analysis
The calculation of the correlation coefﬁcient reveals that among
all the variables, the correlations between the EC and Na+, K+, Ca2+,
Fig. 3. Boxplot representations of the median (thick black line), upper and lower quartiles (box), 1.5 interquartile range (whiskers) and outliers (circles) for selected
variables in the two sampling years 2009 and 2010. Different letters within each panel represent signiﬁcantly different data distributions (p < 0.05) according to a
Mann–Whitney U-test.
Fig. 4. Plots of ionic relationships to elucidate geochemical reactions.
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Table 2
Results of the principle components analysis. Correlation values below 0.1 are suppressed.
Parameters Cluster
1 2 3 4
Average St. dev. Average St. dev. Average St. dev. Average St. dev.
Diss. O2 1.43 0.45 1.51 0.95 2.17 2.00 1.59 0.26
El. cond. (lS/cm) 799 142 1189 214 1879 547 889 83.7
pH (–) 7.54 0.49 7.47 0.35 7.23 0.20 7.83 0.68
Temperature (C) 26.7 2.13 27.0 2.77 25.7 2.84 26.1 2.59
Na 20.3 14.6 48.7 13.8 114 78.0 19.8 2.46
K 0.45 0.20 1.01 0.48 1.23 0.38 0.91 0.32
Ca 141 23.5 188 24.8 257 50.7 193 21.3
Mg 7.2 2.74 22.1 8.40 44.6 15.6 12.1 3.30
Cl 23.2 18.6 68.6 52.9 108 90.1 22.9 4.51
HCO3 348 91.1 405 89.2 392 110 272 39.8
SO4 62.6 36.5 199 113 569 280 267 57.8
NO3 9.33 9.45 13.4 8.72 10.4 9.55 1.14 0.54
SiO2 5.51 3.35 7.76 3.67 9.14 5.42 7.00 2.79
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cients are signiﬁcant (r2 > 0.7; p = 0.00). Nitrate is signiﬁcantly cor-
related with HCO3 (r2 = 0.5; p = 0.00) and chloride (r2 = 0.4;
p = 0.008), and SiO2 with temperature (r2 = 0.55; p = 0.00) and K+
(r2 = 0.37; p = 0.006).
The results from factor analysis are similar to the outcomes of
the correlation analysis. The principle components explain 82% of
the variance (Table 2). Component 1 (54.6% of the variance) asso-
ciates Na+, K+, Ca2+, Mg2+, SO42 and Cl, which could indicate the
dissolution of evaporitic rocks (gypsum, halite, sylvite). This con-
ﬁrms the conclusions from the ionic relations described in the pre-
vious section noting that alkali earth chemistry is largely explained
by gypsum weathering. Component 2 (17.5%) relates NO3 and
HCO3 and may suggest an increase in the less important
calcite weathering process, which may be follow nitrate. Finally,Fig. 5. Dendrogram with imaginary vertical line (phenon line) to deﬁne 3 chemical gr
variables. Note: ‘‘EC’’ refers to electrical conductivity.component 3 (9.9%) links K+, Na+ and SiO2, which could indicate sil-
icate weathering such as albite or K-feldspar. The ﬁrst component
is highly associated with electrical conductance, while the contri-
bution of the third component to this parameter is insigniﬁcant.
Thus, it is likely that the input from Mg2+, SO42, Ca2+, Na+, K+ and
Cl is the reason why electrical conductance is by far the highest
contributing factor and that the input from SiO2 is practically irrel-
evant in the study area.
The cluster analysis of variables deﬁnes four associations at the
phenon line (Fig. 5): the ﬁrst (Mg2+, Ca2+, SO42) indicates the disso-
lution of gypsum and/or anhydrite; the second (Na+, Cl, K+) sug-
gests evaporite weathering, possibly halite and sylvite; the third
(SiO2) indicates silicate weathering; and the fourth (HCO3, NO3)
indicates important calcite weathering processes related to gyp-
sum weathering processes, as evidenced by previously explainedoups based on a hierarchical cluster analysis of log-transformed and standardized
Table 3
Mean parameter values of 4 groups according to hierarchical cluster analysis.
Factor
PC 1 PC 2 PC 3
EC 0.95 0.19
Sodium 0.80 0.33 0.29
Potassium 0.75 0.41
Calcium 0.88 0.14
Magnesium 0.94 0.10
Chloride 0.79 0.24 0.13
Bicarbonate 0.81 0.13
Sulfate 0.91 0.27
Nitrate 0.89
Silica 0.15 0.94
% of variance 54.6 17.5 9.9
Cumulative % of variance 54.6 72.1 82.0
R. Ledesma-Ruiz et al. / Journal of Hydrology 521 (2015) 410–423 417assessments and similar chemistries with nitrate. In general, these
associations are congruent with the results from correlation and
factor analysis.
The cluster analysis of cases shows four principle groups con-
sidering a conﬁdence level of 99.5% (Table 3). It shows that alkali
metals, alkali earth metals, sulfates and silica gradually increase
from group 1 to 3, while bicarbonate is relatively constant in all
three groups. Group 4 is chemically between groups 1 and 2 with
the lowest nitrate concentrations in the study area. All four groups
are plotted on a Piper diagram (Fig. 6) to demonstrate the chemical
differences. In general, it is possible to graphically distinguishFig. 6. Piper diagram with the distribution of cluster groups: browbetween the groups in the rhomboid, although some overlapping
is observed between groups 1 and 2.
The four groups are delimited geographically to illustrate the
evolution of ions and salinity (Fig. 7). Group 1 is a Ca–HCO3 type
located in recharge zones in the western portion and reﬂects the
short groundwater ﬂow path. As groundwater moves eastward, it
becomes a Ca–HO3–SO4 type (group 2). Group 3 represents
basin-ﬂoor areas around General Terán with a trend exhibiting
dominant Ca–SO4 types. Finally, group 4 is located to the southeast
of the study area near Linares and is also a Ca–SO4–HCO3 type. The
same ﬁgure shows that the total dissolved solid values increase
gradually in the direction of groundwater ﬂow, i.e., from the SMOr
recharge area to the discharge areas northeast of General Terán,
where poor water quality (TDS > 1500 mg/l) predominates. The
lowest TDS values coincide with group 1 and the highest values
with group 3. From a lithological point of view, group 1 is related
to the Mendez formation, groups 2 and 3 correspond to alluvial
deposits, and group 4 represents both conglomerates and alluvial
deposits southeast of the study area (Figs. 2 and 7). The chemical
compositions of these groups are later used for inverse modeling.4.3. Geochemical stability
Saturation indices are useful to evaluate the equilibrium
between water and minerals. A comparison of the activities in
water samples (ion activity product) and activities at equilibrium
(solubility product), which result in the saturation state, helps ton = group 1; blue = group 2; red = group 3; green = group 4.
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the controlling geochemical reactions (Appelo and Postma, 2005).
PHREEQC (Parkhurst and Appelo, 2013) was used to assess the sat-
uration indices for the groundwater samples (Fig. 8).
The results show that all the facies are saturated to oversaturat-
ed with respect to calcite, dolomite and kaolinite. Carbonate over-
saturation could be due to an input excess of Ca2+ and Mg2+ ions
from silicate weathering processes. Halite, gypsum, K-feldspar
and albite are undersaturated in all the facies, suggesting that its
soluble components are not limited by the mineral equilibrium.
Thus, the dissolution of these minerals may occur. Halite andFig. 7. Map of chemical water groups obgypsum show a clear trend of being less undersaturated with
growing TDS. Plagioclase is oversaturated in all the samples and
quartz is always in equilibrium, suggesting that these phases likely
do not participate in chemical reactions. The carbon dioxide gas
pressure grows from 103.4 to 101.4 atm with increasing TDS val-
ues. The lower values are typical for the atmosphere and indicate
water from recharge areas in contact with atmospheric air. The
increase in CO2 gas pressure at higher TDS levels is the result of
the uptake of carbon dioxide during the inﬁltration of rainwater
through the soil. In the soil, CO2 is generated by root respiration
and the decay of organic material (Appelo and Postma, 2005).tained from the statistical analysis.
Fig. 8. Saturation indices of water with respect to the selected mineral phases and partial pressure of CO2. Note: saturation index (SI) = log [ion activity product]/KT, where
KT = equilibrium constant at temperature T. The phases and thermodynamic data are from PHREEQC and accompanying databases (Parkhurst and Appelo, 2013).
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evolution of groundwater. Speciﬁcally, the incongruent dissolution
of silicates was evaluated in our study. Mineral stability diagrams
were constructed for the Na2O–Al2O3–H2O–SiO2 (Fig. 9a), K2O–
Al2O3–H2O–SiO2 (Fig. 9b), MgO–Al2O3–H2O–SiO2 (Fig. 9c), and
CaO–Al2O3–H2O–SiO2 systems (Fig. 9d). Sample values were plot-
ted on the diagrams to help deﬁne the reactions controlling the
water chemistry. The large majority of the samples plot in the kao-
linite ﬁeld, others in the gibbsite ﬁeld and only a few along the
boundary with the smectite and muscovite ﬁeld, suggesting that
kaolinite exerts an important control on silicate weathering.
4.4. Inverse modeling of geochemical evolution
Mass balance models use hydrochemistry to evaluate ground-
water chemical transfers between phases. Inverse models use a
set of initial and ﬁnal water compositions along a ﬂow path to cal-
culate the amounts of minerals and gases entering or leaving the
solution to account for the difference in composition. In additionto hydrochemical data, it is important to constrain models with
available information to obtain reliable results. The geochemical
code PHREEQC (Parkhurst and Appelo, 2013) was applied using
the chemical compositions of the four water groups from the clus-
ter analysis and constraining the models by the available lithology,
stability diagram and saturation index information. The overall
uncertainty of the parameters was set to 5%, except for rainwater
(10%).
The models in Table 4 are minimum phase models. Thus, for a
given set of phases and constraints, PHREEQC calculates mass bal-
ance models using a minimum number of phases. These models
are not unique. Other models using different or additional phases,
accounting for the differences between the initial and ﬁnal water
compositions along a ﬂow path, are also likely. For example,
K-mica was identiﬁed in the bulk mineralogical composition of
the upper soil stratus and could be used in models instead of the
K-feldspar phase. However, the resulting difference in the model
would be minimal. Another example is the use of gibbsite instead
of kaolinite as a clay mineral phase.
Fig. 9. Mineral stability diagrams of Na2O–K2O–MgO–CaO–Al2O3–H2O–SiO2 systems for different silicate mineral phases at 25 C and 1 atmosphere, with sample points.
Table 4
Summary of mass transfer for selected inverse geochemical models. Positive values indicate dissolutions and negative values indicate precipitations. The phases and
thermodynamic data are from PHREEQC and accompanying databases (Parkhurst and Appelo, 2013). Note: RW = rainwater.
Phase mmol Stoichiometry
RW? 1 1? 2 1? 3 1? 4
Model A Model A Model B Model A Model A Model B Model C Model D
Dolomite 2.44 0.62 0.62 1.54 1.34 1.34 1.34 1.34 CaMg(CO3)2
Calcite – 0.63 0.63 3.58 2.22 2.22 2.22 2.22 CaCO3
CO2(g) 0.87 0.87 1.01 1.64 3.11 3.44 3.12 3.44 CO2
Gypsum 0.62 1.42 1.42 5.28 3.00 3.00 3.00 3.00 CaSO4:2H2O
Biotite 0.73 – – – – – – – KMg3AlSi3O10(OH)2
Albite 0.23 – – 1.70 1.71 1.71 1.71 1.71 NaAlSi3O8
K-feldspar 0.72 0.01 0.01 0.02 0.01 0.01 – – KAlSi3O8
Halite 0.60 1.28 1.28 2.38 2.39 2.39 2.39 2.39 NaCl
Kaolinite 0.11 0.01 0.01 0.86 0.86 0.86 0.86 0.86 Al2Si2O5(OH)4
SiO2(a) 0.35 – – 3.37 3.41 3.41 3.39 3.39 SiO2
Urea – 0.14 – – 0.33 – 0.32 – CO(NH2)2
Manure – 0.22 0.22 0.26 – – 0.55 0.55 CH2O(NH3)0.025(P2O5)0.002(K2O)0.006
Nitriﬁcation – – 0.29 – – 0.66 – 0.65 NH3
Denitr_CH2O – 0.81 0.81 0.30 1.33 1.33 1.88 1.88 CH2O
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tion and its fate in the modeling process were considered. For a
hypothetical manure composition, it was assumed that all the
nitrogen may be represented as NH3, phosphate as P2O5, and potas-
sium as K2O, and when taken with an organic carbon component,
CH2O, yields a stoichiometric formula of CH2O(NH3)0.025
(P2O5)0.002(K2O)0.006 (‘‘manure’’) (McNab et al., 2006). This idealized
composition, with a carbon-to-nitrogen ratio of approximately
34-to-1 on a per weight basis, is similar to the value of 28-to-1
listed by Cameron et al. (2002) For urea, the hypothetical equationCO(NH2)2 + 2H2O? 2NH4+ + CO32 was used, where bacteria
degrade urea and produce ammonium and carbonate ions
(Fleury, 1999). Nitriﬁcation transforms ammonia to nitrate and
was considered in the modeling process as a coupled reaction of
nitrosomonas and nitrobacter. Nitrogen processes are redox sensi-
tive; thus, dissolved oxygen was used for the deﬁnition of redox
conditions. From the pe-pH relation, it can generally be assumed
that NO3 is the stable form of nitrogen.
However, partial denitriﬁcation is evidenced by Pastén-Zapata
et al. (2014) using isotope and halide geochemistry. These authors
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grasslands are subject to partial, local denitriﬁcation. They show
that the assimilation of nitrate through plants and denitriﬁcation
during summer months reduced nitrate concentrations. This pro-
cess was considered in this study using this overall equation,
according to Appelo and Postma (2005):
CH2Oþ 0:8NO3 ! 0:4N2 þHCO3 þ 0:2Hþ þ 0:4H2O:
The group 1 waters are saturated with respect to calcite, sug-
gesting that the surface waters remained in contact with bedrock
sufﬁciently long enough to dissolve calcite until equilibrium. These
waters come from recharge areas in the mountains and foothills of
the SMOr with natural cupressaceae shrublands. The average of
monthly analyses from a one-year rainfall study (Ramírez-Lara
et al., 2010) was used as the initial water.
The evolution of rainwater to group 1 waters shown in Table 4
can be described as follows:
Rainwaterþ Dolomiteþ CO2ðgÞ þ K-feldsparþ GypsumþHalite
þ Albite ! groundwater 1þ Biotiteþ Amorphous Silica
þ Kaolinite
Phases with transfer rates >1.0 mmol are underlined to visu-
ally differentiate the relative contributions of distinct phases to
the global balance. The equation shows that only one model
was found and the principle reactions responsible for the chem-
ical characteristics appear to be mainly from the dissolution of
dolomite and, to some degree, K-feldspar, gypsum and halite.
This reaction consumed carbon dioxide from the system. The
general water type of this water was determined to be Ca–
HCO3 based on the cluster analysis results and represents initial
groundwater chemical conditions following recharge from rain-
water (Table 4). These results are generally congruent with previ-
ous ﬁndings.
Waters from group 2 are found in the valley-ﬁll sediments.
Model A explains the processes between groups 1 and 2 as follows
(Table 4):
Group 1þ GypsumþHaliteþ CO2ðgÞ þ DolomiteþManure
þ Ureaþ K-feldspar ! group 2þ Calciteþ Denitrification
þ Kaolinite
The model shows that water–rock interaction is the main pro-
cess of the groundwater’s chemical evolution. Signiﬁcant amounts
of rock salts are dissolved. On the other hand, the soil continues
releasing CO2 gas into the water to participate in weathering reac-
tions. Groundwater group 2 represents Ca–HCO3–SO4 type water.
The model also shows that urea andmanure add nitrogen, while
natural denitriﬁcation processes do the contrary. The assimilation
of nitrate through plants and denitriﬁcation during summer
months reduced nitrate concentrations.
It is observed that calcite precipitates while dolomite is dissolv-
ing, which occurs because the precipitation of calcite lowers the
saturation state of dolomite and facilitates its dissolution. This pro-
cess is called ‘dedolomitization’, a partial or complete transforma-
tion of dolomite to calcite, which is observed in a wide range of
Precambrian to Phanerozoic marine and, to a lesser extent, lacus-
trine carbonates (Tucker, 2009). This process has also been
detected by geochemical modeling in modern-day karstic aquifers
(Plummer et al., 1990) and most likely occurs during the dissolu-
tion of associated calcium sulfate, described as follows:
CaMgðCO3Þ2 þ Ca2þ þ SO24 ! Mg2þ þ SO24 þ 2CaCO3
In the evolution of groups 1–3, it is noted that groundwater
evolves from Ca–HCO3 to Ca–SO4–HCO3, with an important
increase in the TDS concentration:Group 1þ GypsumþHaliteþ CO2ðgÞ þ Albiteþ Dolomite
þManureþ K-Feldspar ! group 3þ Calcite
þ Amorphous Silicaþ Kaolinite
The weathering of gypsum and halite inﬂuences the chemical
characteristics of group 3 to a greater extent that they did for either
group 1 or 2. The system continues dissolving CO2 gas. On the other
hand, the disintegration of crystalline rocks is dominated by albite
dissolution (Table 4).
Finally, the groundwater segment between group 1 and 4
evolves from Ca–HCO3 to Ca–SO4–HCO3 water, representing the
basin-ﬁll aquifer in the southeastern area near Linares. An inverse
model explains the water chemistry along the ﬂow path as follows:
Group 1þ CO2ðgÞ þ GypsumþHaliteþ Albiteþ Dolomite
þ Ureaþ K-Feldspar ! group 4þ Amorphous Silica=Quartz
þ Calciteþ Denitrificationþ Kaolinite
Similar to the previous ﬂow path, CO2 gas dissolves into solu-
tion and generates carbonic acid, which is then responsible for
the evaporite dissolution. Again, albite is weathered and dissolved
SiO2 precipitates as amorphous SiO2 in the basin-ﬁll deposits. Sim-
ilar to the evolution of group 2, dedolomitization could be contrib-
uting to the chemistry of group 4. Urea and manure add NO3 in
groundwater, while denitriﬁcation mitigates it. This is congruent
with previous studies, which indicate that the main nitrate sources
are animal and human sewage (Dávila-Pórcel, 2011; Pastén-Zapata
et al., 2014). Models B, C and D are alternative models that basi-
cally differ in the nitrogen sources (Table 4).5. Conclusions
Due to the increased demand on groundwater resources to sup-
plement local municipal water supply and base ﬂows to other
areas, physical and chemical characterizations of the resources in
Zona Citrícola were needed. Statistical and chemical evolution
models were used to evaluate the relative inﬂuence of anthropo-
genic inputs and natural sources of TDS to the groundwater.
The ionic relationships suggest that the groundwater is domi-
nated by calcium bicarbonate and calcium sulfate waters resulting
from the weathering of carbonate-rich marine sediments and
evaporites. Bicarbonate is not as inﬂuential to calcium chemistry
as sulfate. Silicate weathering appears to be a temperature-driven
process.
The statistical (correlation, principle component and cluster
analysis) results indicated that the dissolution of evaporitic rocks,
such as gypsum, anhydrite and halite, was responsible for most
of the geochemical variability in the groundwater sampled as part
of this study. Another, less important component was calcite
weathering following nitrate input. Silicate weathering, mainly of
albite, contributed minimally to the geochemical characteristics
of the groundwater.
Four distinct water groups have been identiﬁed statistically:
Ca–HCO3 (recharge water), Ca–HCO3–SO4 (transition water), Ca–
SO4–HCO3 (transition water) and Ca–SO4 (discharge water). The
chemical compositions of these groups were used for inverse geo-
chemical modeling. Available information on the lithology, stabil-
ity diagrams and saturation indices helped to constrain the initial
models. Several distinct hydrochemical processes were identiﬁed
by inverse geochemical modeling: (1) water–rock interactions,
concretely the weathering of evaporitic rocks and transformations
from dolomite to calcite (dedolomitization); (2) soil gas CO2 disso-
lution; and (3) nitrate pollution by animal/human wastewater/
manure and its natural mitigation through denitriﬁcation
processes.
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to the salinity gradient and topographic ﬂowpaths: rainwa-
ter? group 1? group 2; group 1? group 3; and group 1? group
4. Recharge water (group 1) from the Mendez formation (shales)
evolves via CO2 soil gas dissolution and water–rock interactions
into groups 2, 3 and 4. Groups 2 and 3 correspond to alluvial
deposits with nitrate pollution mainly from animal waste and
human wastewater. Urea and manure add nitrate, while denitriﬁ-
cation processes locally reduce the concentration during the sum-
mer months below vegetables, orchard lands and grasslands.
Group 4 covers wells in the conglomerates and alluvial deposits
located in the proximity of Linares, indicating a different, less
evolved pathway.
It should be emphasized that the obtained inverse models are
not unique. The effects of some probable processes or activities
over groundwater chemistry are not evaluated. The chloride may
have originated from sources other than halite. Halite is a very
common phase, especially in terrains containing calcite and dolo-
mite (Plummer et al., 1990; Parkhurst and Appelo, 2013). The sed-
iments in the study area have formed in a marine environment,
and the leaching of evaporites is an important route by which mar-
ine chloride is returned to the sea. However, humans also use salt
in many ways, and the discharge/inﬁltration of this material to the
aquifer by various routes can have local effects on the natural
water composition (Hem, 1989). Effects such as leaching from
landﬁlls have been found to be relevant in a small number of sites
in the study area (Pastén-Zapata et al., 2014). They have not been
evaluated in this investigation because these effects are likely to be
only local. Another limitation of the inverse modeling approach is
that it represents essentially a ‘‘snapshot’’, and the equilibrium
stage may not be attained at the initial and endpoint sampling
moments. However, the use of this approach, along with the capa-
bility of PHREEQC to treat data uncertainty, helped to understand
and dimensionalize groundwater chemical processes.
The overwhelming contribution of evaporitic rock weathering
processes to the groundwater’s chemistry is an important ﬁnding
for decisions regarding how to manage groundwater resources
and mitigate pollution. Chloride and sulfate are mostly derived
from geogenic sources, while surface sources such as fertilizers
only cause a minor accumulation of these constituents in ground-
water. Nevertheless, the increase in salinity itself is reason enough
to improve wastewater sanitation capacities. However, it may not
be cost effective to increase regulation on the application of fertil-
izers and manure in the area. This investigation is a reference study
and the statistically deﬁned hydrochemical groups can be used
effectively to study the groundwater ﬂow system and connectivity
in more detail.
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